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DESCRIPTION 

STEEL WIRE FOR HIGH STRENGTH SPRING EXCELLENT IN WORKABILITY, 

AND HIGH STRENGTH SPRING 

TECHNICAL FIELD 

The present invention relates to a steel wire for high- 
strength spring and high- strength springs having superior 
fatigue properties and sag resistance without sacrificing the 
cold workability (coiling performance) of the steel wire. 

BACKGROUND ART 

As development of light -weighted construction and high 
performance for automotive vehicles has progressed, high stress 
design has been required for valve springs in automotive 
engines, suspension springs, clutch springs, brake springs, and 
the like. 

For instance, a low sag resistance of a spring may 
increase the sag amount of the spring while a high load stress 
is exerted to the spring. As a result, the rotating speed of 
the engine may not be raised as expected in the design, thereby 
leading to poor responsiveness. Therefore, there is a demand 
for springs having superior sag resistance. 

There is known that use of a high- strength spring 
material is effective in improving sag resistance of springs. 
Also, it is conceived that use of the high- strength spring 
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material is effective in improving fatigue properties of the 
springs from the viewpoint of fatigue limit. For instance, 
there is known a technique of improving fatigue strength and 
sag resistance of springs by regulating the chemical 
composition of the spring material, and by increasing the 
tensile strength of the spring material after quenching and 
tempering, namely, after an oil tempering process. Also, there 
is known a technique of improving sag resistance of springs by 
adding a large quantity of an alloy element such as silicon 
(Si) to the spring material (see Japanese Patent No. 2898472, 
and Japanese Unexamined Patent Publication No. 2000-169937). 

Despite these efforts, springs may encounter breakage 
trouble in an attempt of improving fatigue properties and sag 
resistance by increasing the tensile strength of the spring 
material. Further, in an attempt of improving sag resistance 
by adding a large quantity of an alloy element, resultant 
springs may have excessively high sensitivity to surface flaws 
and internal defects. As a result, it is highly likely that 
the springs suffer from breakage trouble resulting from the 
defective parts in assembling or in use. 

As mentioned above, it is not easy to improve sag 
resistance and fatigue properties of springs without 
sacrificing workability (cold workability) of the spring 
material . 

In view of the above, it is an object of the present 
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invention to provide a steel wire for high- strength spring, and 
high- strength springs having superior sag resistance and 
fatigue properties without sacrificing workability (cold 
workability) of the steel wire. 

DISCLOSURE OF THE INVENTION 

As a result of an extensive study to solve the above 
problems, the inventors found that adding an alloy element of 
a large quantity to improve fatigue properties and sag 
resistance of springs, and setting a yield strength ratio 
(Oo.i/Ob) at 0.85 or lower provides superior coiling 
performance (cold workability). Furthermore , the inventors 
found that fining the grain of the steel wire leads to 
further improvement on fatigue life and sag resistance of the 
springs. They also found that sag resistance can be improved 
without lowering defect sensitivity, despite addition of 
chromium of a large quantity, and thus accomplished the 
present invention. 

According to an aspect of the present invention, a 
steel wire for high-strength spring having superior 
workability comprises by mass, C: 0.53 to 0.68%; Si: 1.2 to 
2.5%; Mn: 0.2 to 1.5% (for instance, 0.5 to 1.5%); Cr: 1.4 to 
2.5%; Al: 0.05% or less, excluding 0%; at least one selected 
from the group consisting of Ni: 0.4% or less, excluding 0%; 
V: 0.4% or less, excluding 0%; Mo: 0.05 to 0.5%; and Nb: 0.05 
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to 0,5%; and remainder essentially consisting of Fe and 
inevitable impurities . The inventive steel wire has tempered 
martensite, wherein the prior austenite grain size number is 
11.0 or larger, and a ratio (Oo m2 /o B ) of 0,2% proof stress 
(a 0 . 2 ) to tensile strength (a B ) is 0.85 or lower. 

Preferably, the steel wire has a property that 0.2% 
proof stress (a 0 . 2 ) is raised by 300 MPa or more when 
annealing at 400°C for 20 minutes is conducted. 

According to another aspect of the present invention, a 
high-strength spring is formed of the inventive steel wire. 
Preferably, the spring has a core part of a hardness Hv 
ranging from about 550 to about 700, and the residual stress 
of the spring is changed from a compression to a tension at a 
depth of from about 0.05 mm to about 0.5 mm from the surface 
of the spring. The inventive spring is producible 

irrespective of a state as to whether surface hardening such 
as a nitriding process is conducted. In case that the surface 
hardening is not conducted, it is desirable that the 
compressive residual stress on the surface of the spring is - 
400 MPa or lower. In case that the surface hardening is 
conducted, namely, a nitride layer is formed on the spring 
surface, it is desirable that the compressive residual stress 
on the surface of the spring is -800 MPa or lower; and a 
hardness Hv on the spring surface ranges from about 750 to 
about 1150. The spring may have a hard layer of a hardness Hv 
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larger than the hardness of the core part by 15 or more, and 
the thickness of the hard layer is, for instance, 0.02 mm or 
more . 

BEST MODE FOR CARRYING OUT THE INVENTION 

A steel wire and spring according to a preferred 
embodiment of the present invention contains C, Si, Mn, Cr, 
and Al as essential components, and further contains at least 
one selected from the group consisting of Ni, V, Mo, and Nb, 
with remainder essentially consisting of Fe and inevitable 
impurities. Hereinafter, the amounts of the respective 
components, and reasons for defining the amounts are 
described. 

C; 0,53 to 0,68% by mass (hereinafter, n % by mass" is simply 
referred to as "%".) 

Carbon is an indispensable element for securing 
sufficient high strength steel for spring under a high load 
stress, and for improving fatigue life and sag resistance of 
springs . In view of this , a lower limit of the carbon content 
is 0.53%. An excessive addition of carbon may undesirably 
lower toughness and ductility of the steel for spring. As a 
result, it is highly likely that crack may be generated 
during production or use of springs, resulting from surface 
flaws or internal defects of the springs . In view of this , an 
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upper limit of the carbon content is 0.68%. Preferably, the 
carbon content ranges from 0.58% to 0.65%. 
Si: 1,2 to 2.5% 

Silicon is an essential element as an deoxidizer to be 
added in a steel production process. Silicon is a useful 
element in increasing softening resistance and improving sag 
resistance of springs . In view of this , a lower limit of the 
silicon content is 1.2%. An excessive addition of silicon not 
only lowers toughness and ductility of the spring steel, but 
also is likely to shorten the fatigue life of springs by 
increasing the number of flaws, by accelerating de- 
carbonization on the steel surface in heat treatment, and 
increasing the thickness a grain boundary oxidation. In view 
of this, an upper limit of the silicon content is 2.5%. 
Preferably, the silicon content ranges from 1.3% to 2.4%. 
Mn; 0.2 to 1.5% 

Manganese is an effective element in deoxidization in a 
steel production process. Manganese is an element that raises 
quenching performance (hardenability ) and accordingly 
contributes to increase in strength, as well as to 
improvement on fatigue life and sag resistance. In view of 
this, a lower limit of the manganese content is 0.2%. 
Preferably, the manganese content is 0.3% or_ higher, 
particularly, 0.4% or higher, e.g., 0.5% or higher. 
Considering that the inventive steel wire (and the inventive 
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spring) is produced by subjecting the steel to hot rolling, 
and patenting if desired, which follows by wire drawing, oil 
tempering, coiling or the like, an excessive addition of 
manganese is likely to cause transformation into super-cooled 
structure such as bainite or the like, for example, in hot 
rolling or patenting, which results in lowering wire 
drawability. In view of this, an upper limit of the manganese 
content is 1.5%. Preferably, the manganese content is 1.0% or 
lower. 

Cr: 1,4 to 2.5% 

Chromium is an important element in the present 
invention because it has an action of improving sag 
resistance and suppressing defect sensitivity. Chromium has 
an action of increasing the thickness of an oxide layer in 
grain boundaries , thereby shortening fatigue life of springs . 
The thickness of the oxide layer in grain boundaries, however, 
can be reduced by controlling the atmosphere in an oil 
tempering process, specifically, by supplying water vapors of 
about 3 to 80 volumetric % into the oil tempering process to 
thereby form a dense oxide coat on an oil-tempered wire. Thus, 
a drawback resulting from an oxide layer of a large thickness 
can be eliminated. The greater the chromium content is, the 
more effectively a preferred result is obtainable. In view of 
this, the chromium content is 1.4% or higher, preferably, 
1.45% or higher, and more preferably, 1.5% or higher. An 
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excessive addition of chromium may extend the patenting time 
in wire drawing, and may lower toughness and ductility of the 
spring steel. In view of this, the chromium content is 2.5% 
or lower, and preferably, 2.0% or lower. 

In the inventive steel wire and the inventive spring, 
the depth of an oxide layer in grain boundaries is normally 
about 10 pm or less . 
Alt 0.05% or less, excluding 0% 

Aluminum has an action of fining the grain in 
austenization, thereby improving toughness and ductility of 
the spring steel. An excessive addition of aluminum, however, 
may increase oversized non -metallic inclusions such as A1 2 0 3 , 
which may deteriorate fatigue properties of the springs. In 
view of this, an upper limit of the aluminum content is 0.05%, 
and preferably, 0.04%. 
Nlz 0.4% or less, excluding 0% 

Nickel is a useful element for raising hardenability 
and preventing low temperature embrittlement . An excessive 
addition of nickel may generate bainite or martensite in hot 
rolling, thereby lowering toughness and ductility of the 
spring steel. In view of this, an upper limit of the nickel 
content is 0.4%, and preferably 0.3%. Preferably, the nickel 
content is 0.1% or higher. 
V; 0.4% or less, excluding 0% 

Vanadium has an action of fining the grain in heat 

» 
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treatment such as an oil tempering process (quenching and 
tempering), thereby raising toughness and ductility of the 
spring steel. Further, vanadium causes secondary 

precipitation in hardening quenching/ tempering, and low 
temperature annealing for stress relieving after coiling. The 
hardening contributes to providing the spring steel with high 
strength. An excessive addition of vanadium, however, may 
generate martensite or bainite in hot rolling or in patenting, 
thereby deteriorating workability of the spring steel. In 
view of this, an upper limit of the vanadium content is 0.4%, 
and preferably, 0.3%. Preferably, the vanadium content is 
0.1% or higher. 
Mo: 0.05 to 0-5% 

Molybdenum is a useful element for raising softening 
resistance, allowing the spring steel to exhibit a hardening 
effect by precipitation, and raising proof stress after low- 
temperature annealing. In view of this, the molybdenum 
content is, for example, 0.05% or higher, and preferably, 
0.10% or higher. An excessive addition of molybdenum, however, 
may generate martensite or bainite in the course of time 
until an oil tempering process is implemented, thereby 
deteriorating workability of the spring steel. In view of 
this , an upper limit of the molybdenum content is 0.5%, 
preferably, 0.3%, and more preferably 0.2%. 
Nb: 0.05 to 0.5% 
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Niobium has an action of fining the grain in heat 
treatment such as an oil tempering process (quenching and 
tempering) , because niobium forms niobium carbonitride having 
a pinning effect, thereby contributing to improvement on 
toughness and ductility of the spring steel. In order to 
secure these effects sufficiently, the niobium content is 
0.05% or higher, and preferably, 0.10% or higher. An 
excessive addition of niobium, however, may cause aggregation 
of niobium carbonitride, which may lead to oversized growth 
of crystal grains. In view of this, an upper limit of the 
niobium content is 0.5%, and preferably, 0.3%. 

The inventive steel wire for spring is normally 
constituted of a composite structure comprising tempered 
martensite and retained austenite, namely, austenite 
remaining after cooling to room temperature. Normally, in the 
inventive steel wire, the tempered martensite occupies, for 
example, 90 area% or more, and the retained austenite 
occupies about 5 to 10 area%. 

In the inventive steel wire and the inventive spring, 
normally, the grain size number of prior austenite is 11.0 or 
larger, preferably 13 or larger. The larger the grain size 
number is, namely, the smaller the grain size is, the more 
effectively improvement on fatigue life and sag resistance is 
obtainable. The grain size number can be increased by 
regulating the amounts of elements capable of fining the 
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grain, such as Cr, Al, V, and Nb, or by raising the heating 
rate before quenching, during the oil tempering process. 

The inventive steel wire, namely, an oil-tempered wire, 
and the inventive spring have a proof stress ratio (offset 
yield strength ratio; o 0 . 2 /o B ) , namely, a ratio of 0.2% proof 
stress (CJ0.2) to tensile strength (a B ) at 0.85 or lower, and 
preferably 0.80 or lower. The less the proof stress ratio 
after the oil tempering process is, the more effectively 
breakage trouble in a coiling process can be avoided, thereby 
improving cold workability. The proof stress ratio can be 
minimized by, for example, raising the cooling rate after 
tempering in the oil tempering process , by water cooling or 
the like. 

The inventive steel wire and the inventive spring have 
high strength because the composition of alloy elements is 
appropriately regulated. Further, since the grain size and 
the proof stress ratio of the inventive steel wire are 
properly regulated, the inventive spring is provided with 
superior fatigue life, and sag resistance without sacrificing 
cold workability of the steel wire. The Vickers hardness of 
the core part of the steel wire (and the spring) can be 
optionally adjusted by heat treatment or the like, other than 
regulating the composition of the alloy elements. The Vickers 
hardness (Hv) of the core part of the steel wire (and the 
spring) is, for example, 550 or higher, preferably, 570 or 
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higher, and more preferably, 600 or higher. The Vickers 
hardness (Hv) may be, for example, about 700 or lower, or 
about 650 or lower. The surface hardness of the inventive 
steel wire and the inventive spring can be further increased 
by surface hardening, such as a nitriding process. For 
instance, a nitride-processed spring, namely, a spring with a 
nitriding layer being formed on the surface thereof has a 
surface hardness (Hv) of about 750 or higher, preferably, 
about 800 or higher, and about 1150 or lower, preferably, 
about 1100 or lower. 

It is desirable that the 0.2% proof stress (a 0 . 2 ) of the 
inventive spring steel wire for spring, namely, the oil- 
tempered wire after an annealing process of 400°C for 20 
minutes is raised by 300 MPa or higher, preferably, 350 MPa 
or higher, than that before the annealing process. The 
greater the variation (Aa 0 . 2 ) of the 0.2% proof stress is, the 
more sag resistance can be improved. Similarly to the proof 
stress ratio, the variation (Aa 0 . 2 ) can be maximized by 
raising the cooling rate after the oil tempering process 
(quenching and tempering) by water cooling or the like. 

It is desirable that the inventive spring has a strong 
compressive residual stress on the surface of the spring. The 
stronger the compressive residual stress is, the more 
effectively fatigue life of the spring can be prolonged. A 
desired compressive residual stress differs depending on a 
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state of the spring whether a nitriding process has been 
implemented. If a nitriding process is not applied, a desired 
compressive residual stress is, for instance, -400 MPa or 
lower, preferably, -500 MPa or lower, and more preferably, - 
600 MPa or lower. A negative residual stress represents that 
the spring is in a compressed state, whereas a positive 
residual stress represents that the spring is in an extended 
state. The larger the absolute value of the compressive 
residual stress, the stronger the residual stress is. If a 
nitriding process is applied, namely, a nitriding layer is 
formed on the spring surface, a compressive residual stress 
is, for instance, about -800 MPa or lower, preferably, about 
-1000 MPa or lower, and more preferably, about -1200 MPa or 
lower. The compressive residual stress on the spring surface 
can be strengthened by, for example, increasing the number of 
cycles of shot peenings, such as twice or more. 

It is desirable that the inventive spring has a deeper 
crossing point. The crossing point is a depth-wise position 
from the surface of the spring where a measured residual 
stress turns from a compression to a tension. The deeper the 
crossing point is, the larger the region where the 
compressive residual stress is exerted is, thereby 
contributing to improvement on fatigue life of the springs. 
The crossing point is 0.05mm or more, preferably, 0.10 mm or 
more, and more preferably, 0.15 mm or more, and 0.5 mm or 
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less, preferably, 0.4 mm or less, and more prieferably, 0.35 
mm or less in depth from the surface of the spring. The 
crossing point can be deepened by, for example, increasing 
the number of cycles of shot peenings, such as twice or more, 
or by increasing the average diameter of grains used for shot 
peening, for instance, by using the grains of the average 
diameter (i.e. average grain size) ranging from about 0.7 to 
1.2 mm in the first shot peening. 

In the case where the inventive spring has been applied 
with surface hardening such as a nitriding process, it is 
desirable to increase the thickness of the hard layer, which 
is a layer having a hardness (Hv) larger than the hardness of 
the core part by 15 or more. The larger the thickness of the 
hard layer is, the more effectively generation of fatigue 
crack can be suppressed, thereby contributing to improvement 
on fatigue properties of the springs. The thickness of the 
hard layer is, for instance, 0.02 mm or more, preferably, 
0.03 mm or more, and more preferably, 0.04 mm or more, 0.15 
mm or less, preferably, 0.13 mm or less, and more preferably, 
0.10 mm or less. The thickness of the hard layer can be 
increased by extending the nitriding time or by raising the 
nitriding temperature. 

In the present invention, a steel wire for high- 
strength spring and high- strength spring are produced by 
properly regulating the composition of the alloy elements. 
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Further, an effective amount of chromium is added, and the 
grain size and the proof stress ratio of the steel wire are 
properly adjusted. Thereby, the springs having superior 
fatigue life, and sag resistance are produced without 
sacrificing cold workability of the steel wire. 

EXAMPLES 

In the following, the present invention is illustrated 
in detail with Examples, which, however, do not limit the 
present invention. Adequate modification is allowable as far 
as it does not depart from the object of the present invention 
described above or below, and every such modification is 
intended to be embraced in the technical scope of the present 
invention. 
Example 1 

Steel materials A through R respectively having the 
chemical compositions as shown in Table 1, with remainder 
essentially consisting of Fe and inevitable impurities, were 
melted, poured into a mold, and subjected to hot rolling, and 
steel wire rods each having a diameter of 8.0 mm were 
produced. Then, the steel wire rods were subjected to 
softening, shaving, lead patenting (heating temperature: 
950°C, lead furnace temperature: 620°C) , followed by wire 
drawing, whereby the rod was drawn into a wire having a 
diameter of 4.0 mm. After the wire drawing, the drawn wire 



- 15 - 



P1399 



was subjected to an oil tempering process (heating rate 
before quenching: 250°C/sec. , heating temperature: 960°C, oil 
temperature in quenching: 70°C, tempering temperature: 450°C, 
cooling rate after tempering: 300°C/sec, furnace atmosphere: 
100 vol.% of H 2 0 + 90 vol.% of N 2 ), thereby producing oil- 
tempered wires (steel wires). 

Regarding the steel material E2, air-cooling was 
conducted after the tempering in the oil tempering process. 
Regarding the steel material H2, a heating rate before the 
quenching in the oil tempering process was set at 20°C/sec. 

These oil -tempered wires have the thickness of the 
oxide layer in grain boundaries of 10 pm or less, and other 
properties thereof were evaluated with respect to the 
following items . 

(1) Tensile strength (o B ) , 0.2% proof stress (o 0 . 2 ) . and grain 
size number: 

A tensile test was conducted with respect to the oil- 
tempered wires. The tensile strength (cr B ) and 0.2% proof 
stress (O0.2) were measured with respect to the oil- tempered 
wires, and respective ratios (a 0 .2/o B ) were calculated. The 
grain size number of prior austenite was measured according 
to Japanese Industrial Standard (JIS) G0551. 

(2) Variation (Aa 0 . 2 ) of 0.2% proof stress after annealing for 
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stress relieving: 

After the oil- tempered wires were subjected to low- 
temperature annealing at 400°C for 20 minutes, 0.2% proof 
stress (Oo. 2 ) of the wires was measured, and a variation 
(Aao.2) was calculated by subtracting the 0.2% proof stress 
(Aa 0 . 2 ) before the low- temperature annealing from the 0.2% 
proof stress {o 0 . 2 ) after the low- temperature annealing. 

(3) Workability: 

A winding test was conducted with respect to the oil- 
tempered wires according to JIS G 3560, in which the number 
of cycles of windings was 10. 

(4) Fatigue life, residual shear strain: 

The oil- tempered wires were formed into springs by cold 
coiling (average diameter of coil: 24.0 ram, the number of 
cycles of windings : 6.0, number of active coils : 3.5), 
followed by annealing for stress relieving (400°C X 20 min.), 
grinding, nitriding process (nitriding conditions: 80 vol.% 
of NH 3 + 20 vol.% of N 2 , 430°C X 3 hr. ) , shot-peening [number 
of cycles of shot-peenings : thrice, average diameter of 
grains used for the first shot-peening: 1.0 mm, average 
diameter of grains used for the first through third shot- 
peenings: 0.5 mm], low- temperature annealing (230°C X 20 
min.), and cold setting. 
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A fatigue test was conducted with respect to the 
springs under a load stress of 760 ± 650 MPa in warm state 
(120°C). The fatigue test was repeated until breakage of the 
springs was observed, and the number of cycles qf the fatigue 
tests until breakage of the springs was observed was counted. 
Thus, the fatigue life of the springs was defined. In the 
case where breakage did not occur in the springs after 
repeated fatigue tests, the fatigue test was terminated when 
the number of cycles of the fatigue tests reached ten million 
cycles . 

Further, the springs were fastened under a load stress 
of 1372 MPa for 48 consecutive hours at 120°C. Thereafter, 
the stress was relieved, and a residual shear strain was 
calculated by measuring the sag before and after the 
fastening. 

(5) Hardness, residual stress: 

The oil -tempered wires were formed into springs in a 
similar manner as the springs were formed in the section (4) 
fatigue life and residual shear strain. The Vickers hardness 
(Hv) on the spring surfaces was measured by a so-called "code 
method" in which the Vickers hardness (load of 300gf) was 
measured with respect to the test piece whose surface was 
polished, and the thus obtained Vickers hardness was 
converted into a corresponding value in a vertical direction. 
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Further, the springs were cut at an appropriate position 
thereof, and the Vickers hardness (Hv) of the core part, and 
the Vickers hardness (Hv) of the hard layer having a hardness 
(Hv) higher than that of the core part by 15 or more were 
calculated, as well as the depth of a hard layer by JIS Z 
2244 by measuring the Vickers hardness (Hv) on the cross 
section of the springs. Further, the compressive residual 
stress on the spring surfaces, and the crossing point 
corresponding to a certain depth- wise position where the 
measured residual stress turned from a compression to a 
tension were calculated by measuring the residual stress by 
an X-ray diffraction method. 

The results of measurements are shown in Table 2 . 
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Table 1 



Kind 
of 


Chemical composition (mass%)* ; 


C 


Si 


Mn 


cr 




V 


MO 


KTK 




A 


0.61 


1.95 


0.82 


1.68 


0. 00 


0.281 






0 . 003 


B 


0.57 


2.03 


0.72 


1. 74 


0 . 20 


0 . 296 






0 . 003 


C 


0.60 


2.03 


0.73 


1.75 


0.20 


0 . 296 






0 . 032 


D 


0.61 


2.04 


0.73 


1.75 


0 . 20 


0 . 164 






0 . 002 


El, E2 


0.61 


2.03 


0 . 72 


1 . 43 


0 . 20 


0 . 295 






n nAi 
U • UUJ 


r 


0 . 66 


2 . 03 


0 . 75 


1 . 75 


0 . 21 


r\ o o c 

0 . 295 






u • UUJ 


r* 


0 . 60 


1 . 99 


0 . 73 


2 * 04 


0 . 21 


f\ ICO 

0 . 15 J 






A A A 


tji uo 


0 . 60 


1 . 99 


0. 73 


1 . 74 


0 . 22 




0 . 15 




A A A 1 


T 


0.65 


1.31 


0 . 85 


1 . 71 


0 . 00 


i\ tin 

0 . 110 


A 1 O 
0 . 1Z 




a nnft 


T 
J 


0.56 


1.75 


1 . 21 


1 . 55 


0 . 00 








A AO A 




0.62 


1.85 


0.31 


1 . 60 


0 . 00 


0 . 251 






A A A 1 
0 . 001 


L 


0 - 55 


1 . 45 


0 . 70 


a "i a 
o . / o 


a nn 








0 002 


M 


0.63 


1.40 


0.60 


0.65 


0.00 


0.110 






0.003 


N 


0.60 


1.50 


0.70 


0.90 


0.25 


0.060 






0.003 


O 


0.61 


2.00 


0.85 


1.05 


0.25 


0.110 






0.002 


P 


0.47 


1.81 


0.92 


1.55 


0.00 


0.145 






0.003 


Q 


0.82 


0.78 


0.82 


0.25 


0.00 








0.002 


R 


0.62 


1.93 


0.86 


1.62 


0.00 


0.221 






0.070 



*: Remainder comprises Fe and inevitable impurities. 
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As is obvious from Tables 1 and 2, No, 18 fails to 
provide a required strength due to an insufficient carbon 
content, thereby failing to provide sufficient fatigue life 
and sag resistance. No. 20 suffers from short fatigue life, 
because an excessive aluminum content generates oversized 
growth of oxide inclusions, thereby causing breakage of the 
spring. Nos . 14-17, and 19 cannot attain sufficient fatigue 
life because of an insufficient chromium content. 

On the contrary, the chemical compositions of Nos. 1-5, 
7-9, and 11-13 are properly adjusted, and an appropriate 
amount of chromium is added in these examples. Further, the 
grain size and the proof stress ratio are properly controlled. 
Thanks to these adjustments, Nos. 1-5, 7-9, and 11-13 provide 
superior fatigue life, and sag resistance without sacrificing 
workability of the steel wire. 

As is obvious from No. 6, improper setting of 
conditions regarding the proof stress ratio (a 0 .2/a B ) and the 
variation (Aa 0 . 2 ) of 0.2% proof stress leads to poor 
workability. Also, No. 6 cannot provide sufficient sag 
resistance, although the sag resistance in No. 6 is improved, 
as compared with Example Nos. 14-17. 

Further, as is obvious from No. 10, an increase in 
grain size, namely, a decrease in grain size number cannot 
provide sufficient fatigue life and sag resistance, although 
these properties cure improved in No. 10, as compared with 
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Example Nos. 14-17. 

INDUSTRIAL APPLICABILITY 

The inventive steel wire and the inventive spring have 
superior fatigue properties, sag resistance, and workability. 
Accordingly, the present invention is particularly useful in 
the field where these properties are required, for instance, 
in production of springs that are used in spring mechanisms 
of machines, such as valve springs for automotive engines, 
suspension springs, clutch springs, and brake springs. 
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